A magnetic tunnel junction (MTJ), which consists of a thin insulating layer (a tunnel barrier) sandwiched between two ferromagnetic electrode layers, exhibits tunnel magnetoresistance (TMR) due to spin-dependent electron tunnelling. Since the 1995 discovery of room-temperature TMR, MTJs with an amorphous aluminium oxide (Al-O) tunnel barrier have been studied extensively. Al-O-based MTJs exhibit magnetoresistance (MR) ratios up to about 70% at room temperature (RT) and are currently used in magnetoresistive random access memory (MRAM) and the read heads of hard disk drives. MTJs with MR ratios significantly higher than 70% at RT, however, are needed for next-generation spintronic devices. In 2001 first-principle theories predicted that the MR ratios of epitaxial Fe/MgO/Fe MTJs with a crystalline MgO(0 0 1) barrier would be over 1000% because of the coherent tunnelling of fully spin-polarized 1 electrons. In 2004 MR ratios of about 200% were obtained in MTJs with a single-crystal MgO(0 0 1) barrier or a textured MgO(0 0 1) barrier. CoFeB/MgO/CoFeB MTJs for practical applications were also developed and found to have MR ratios up to 500% at RT. MgO-based MTJs are of great importance not only for device applications but also for clarifying the physics of spin-dependent tunnelling. In this article we introduce recent studies on physics and applications of the giant TMR in MgO-based MTJs.
Introduction

Tunnel magnetoresistance (TMR) effect
The resistance of a magnetic tunnel junction (MTJ), which consists of a thin insulating layer (a tunnel barrier) sandwiched between two ferromagnetic (FM) metal layers (electrodes), depends on the relative magnetic alignment (parallel or antiparallel) of the electrodes as shown in figure 1. The tunnelling resistance R of the junction is lower when the magnetizations are parallel (figure 1(a)) than it is when the magnetizations are antiparallel ( figure 1(b) ). That is, R P < R AP . This change in resistance with the relative orientation of the two magnetic layers, called the TMR effect, is one of the most important phenomena in spintronics. The size of this effect is measured by the fractional change in resistance (R AP -R P )/R P , which is called the magnetoresistance ratio (MR ratio). . D 1↑ and D 1↓ , respectively, denote the density of states at E F for the majority-spin and minority-spin bands in electrode 1, and D 2↑ and D 2↓ respectively denote the density of states at E F for the majority-spin and minority-spin bands in electrode 2.
The TMR effect was first observed in 1975 by Julliere [1] , who found that a Fe/Ge-O/Co MTJ exhibited a MR ratio of 14% at 4.2 K. Although for more than a decade it received little attention because it was not observed at room temperature (RT), it attracted renewed attention after the discovery of giant magnetoresistance (GMR) in metallic magnetic multilayers in the late 1980s [2, 3] . Because the GMR effect was recognized to be applicable to magnetic sensor devices such as the read heads of hard disk drives (HDDs), extensive experimental and theoretical efforts were devoted to increasing the MR ratio at RT. In 1995 Miyazaki et al [4] and Moodera et al [5] made MTJs with amorphous aluminium oxide (Al-O) tunnel barriers and 3d ferromagnetic electrodes and obtained MR ratios as high as 18% at RT. Because these room-temperature MR ratios were the highest yet reported for a ferromagnetic/nonmagnetic (NM)/ferromagnetic trilayer structure called a (pseudo-)spinvalve structure, the TMR effect attracted a great deal of attention. Although room-temperature MR ratios, shown in figure 2, have been increased to about 70% by optimizing the ferromagnetic electrode materials and the conditions for fabricating the Al-O barrier [6] , they are still lower than needed for many applications of spintronic devices. Highdensity magnetoresistive random-access-memory (MRAM) cells (figure 3), for example, will need to have MR ratios that are higher than 150% at RT, and the read head in the nextgeneration ultrahigh-density HDD will need to have both a high MR ratio and an ultralow tunnelling resistance. The MR ratios of the conventional Al-O-based MTJs are simply not high enough for next-generation device applications.
In 2001 first-principle calculations predicted that epitaxial MTJs with a crystalline magnesium oxide (MgO) tunnel barrier would have MR ratios of over 1000%, and in 2004 MR ratios of about 200% were obtained at RT in MTJs with a crystalline MgO(0 0 1) barrier. The huge TMR effect in MgO-based MTJs is now called the giant TMR effect and is of great importance not only for device applications but also for clarifying the physics of spin-dependent tunnelling. In this review, we present an overview of the giant TMR effect in MgO-based MTJs. In the following two subsections of this Introduction, we provide further background information about the TMR effect in MTJs with an amorphous Al-O barrier. In section 2 we explain the theoretical basis of the TMR effect in MgO-based MTJs, and in sections 3 and 4 we discuss experimental studies on fully epitaxial MgO-based MTJs. In section 5 we explain the structure and fabrication of CoFeB/MgO/CoFeB MTJs, and in section 6 we discuss device applications of the giant TMR effect in MgO-based MTJs. 
Julliere's model and spin polarization
Julliere proposed a simple phenomenological model, in which the TMR effect is due to spin-dependent electron tunnelling [1] . According to this model the MR ratio of an MTJ can be expressed in terms of the spin polarizations P of the ferromagnetic electrodes
where
Here P α is the spin polarization of a ferromagnetic electrode, and D α↑ (E F ) and D α↓ (E F ) are, respectively, the densities of states (DOS) of the electrode at the Fermi energy (E F ) for the majority-spin and minority-spin bands (see figure 1 ). In Julliere's model spin polarization is an intrinsic property of an electrode material. When an electrode material is NM, P = 0. When the DOS of the electrode material is fully spin-polarized at E F , |P | = 1. The spin polarization of a ferromagnet at low temperature can be directly measured using ferromagnet/Al-O/superconductor tunnel junctions [7] . Measured this way, the spin polarizations of 3d ferromagnetic metals and alloys based on iron (Fe), nickel (Ni) and cobalt (Co) are always positive and usually between 0 and 0.6 at low temperatures below 4.2 K [7, 8] . The MR ratios estimated from Julliere's model (equation (1)) using these measured P values agree relatively well with the MR ratios observed experimentally in MTJs (figure 4), but the theoretical values of P (equation (2)) obtained from band calculations do not agree with the measured spin polarizations and the MR ratios observed experimentally (figure 4). Even the signs of P often differ between theoretical values and experimental results. For example, according to the band structures of Co and Ni, these metals have negative spin polarizations, but the P values observed experimentally for these metals are positive. This discrepancy, one of the most fundamental questions with regard to the TMR effect, is discussed in the following subsection.
Julliere's model with the spin polarizations measured experimentally (0 < P < 0.6) yields a maximum MR ratio of about 100% at low temperatures. A MR ratio of about 70% at RT is therefore close to the Julliere limit for the 3d-ferromagnetic-alloy electrodes if a reduction in P due to thermal spin fluctuations at finite temperatures is taken into account. One way to obtain a MR ratio significantly higher than 70% at RT is to use as electrodes special kinds of ferromagnetic materials called half metals, which have a full spin polarization (|P | = 1) and are therefore theoretically expected to give MTJs huge MR ratios (up to infinity, according to Julliere's model [10] . However, such high MR ratios have never been observed at RT for halfmetal electrodes 3 . Another way to obtain a very high MR ratio is to use coherent spin-dependent tunnelling in an epitaxial MTJ with a crystalline tunnel barrier such as MgO(0 0 1). That is the main subject of this article.
Incoherent tunnelling through an amorphous Al-O barrier
Before going into the details of coherent tunnelling through a crystalline MgO(0 0 1) barrier, we explain an incoherent tunnelling process through the amorphous Al-O tunnel barrier. Tunnelling in a MTJ with an amorphous Al-O barrier is illustrated schematically in figure 5(a . This large TMR effect, however, is thought to originate from the coherent tunnelling in a crystalline MgO(0 0 1) barrier rather than from the half-metallic nature of the electrodes. Note that, as described in sections 3 and 5, when combined with a crystalline MgO(0 0 1) barrier, even simple ferromagnetic electrodes such as bcc Fe, Co and CoFeB yield MTJs with MR ratios from 180% to 500% at RT [25, 28, 38, 39] . By the way, Sakuraba et al [10] observed a MR ratio of 570% at low temperature in MTJs with an amorphous Al-O barrier and Heusler-alloy electrodes. They also observed a feature characteristic of a spin-dependent band gap in the tunnelling spectra for those MTJs. This giant TMR effect at low temperature is therefore thought to be due to the half-metallic nature of Heusler-alloy electrodes. at E F . Julliere's model assumes that tunnelling probabilities are equal for all the Bloch states in the electrodes. This assumption corresponds to a completely incoherent tunnelling, in which none of the momentum and coherency of Bloch states is conserved. This assumption, however, is not valid even in the case of an amorphous Al-O barrier. Although the spin polarization P defined by equation (2) is negative for Co and Ni, the P observed experimentally for these materials when they are combined with an Al-O barrier is positive [7, 8] . This discrepancy indicates that the tunnelling probability in actual MTJs depends on the symmetry of each Bloch state. The actual tunnelling process can be explained in the following way. The 1 Bloch states with larger P are considered to have higher tunnelling probabilities than the other Bloch states [11, 12] . This results in a positive net spin polarization of the ferromagnetic electrode. Because the other Bloch states, such as 2 states (P < 0), also contribute to the tunnelling current, the net spin polarization of the electrode is reduced below 0.6 in the case of the usual 3d ferromagnetic metals and alloys. If only the highly spin-polarized 1 figure 8(a) . The net spin polarization of Fe is small because both majority-spin and minority-spin bands have many states at E F , but the Fe 1 band is fully spin-polarized at E F (P = 1). A very large TMR effect in the epitaxial Fe(0 0 1)/MgO(0 0 1)/Fe(0 0 1) MTJ is therefore expected when 1 electrons dominantly tunnel. It should also be noted that a finite tunnelling current flows even for antiparallel magnetic states. Tunnelling probability as a function of k wave vectors (k x and k y ) is shown in figure 9 [13] . For the majority-spin conductance in the parallel magnetic state (P state) (figure 9(a)), tunnelling takes place dominantly at k = 0 because of the coherent tunnelling of majority-spin 1 states. For the minority-spin conductance in the P state ( figure 9(b) ) and the conductance in antiparallel magnetic state (AP state) (figure 9(c)), spikes of tunnelling probability appear at finite k points called hot spots. This hot-spot tunnelling is resonant tunnelling between interface resonant states [13, 14] . Although a finite tunnelling current flows in the AP state, the tunnelling conductance in the P state is much larger than that in the AP state, making the MR ratio very high.
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It should be noted that the 1 Bloch states are highly spin-polarized not only in bcc Fe(0 0 1) but also in many other bcc ferromagnetic metals and alloys based on Fe and Co (e.g. bcc Fe-Co, bcc CoFeB and some of the Heusler alloys). As an example, band dispersion of bcc Co(0 0 1) (a metastable structure) is shown in figure 8(b) . The 1 states in bcc Co, like those in bcc Fe, are fully spin-polarized at E F . According to first-principle calculations, the TMR of a Co(0 0 1)/MgO(0 0 1)/Co(0 0 1) MTJ is even larger than that of an Fe(0 0 1)/MgO(0 0 1)/Fe(0 0 1) MTJ [16] . A very large TMR should be characteristic of MTJs with 3d-ferromagneticalloy electrodes with bcc(0 0 1) structure based on Fe and Co. Note also that very large TMR is theoretically expected not only for the MgO(0 0 1) barrier but also for other crystalline tunnel barriers such as ZnSe(0 0 1) [17] and SrTiO 3 (0 0 1) [18] . Large TMR has, however, never been observed in MTJs with crystalline ZnSe(0 0 1) or SrTiO 3 (0 0 1) barriers because of experimental difficulties in fabricating high-quality MTJs without pin-holes and interdiffusion at the interfaces.
Giant TMR effect in epitaxial MTJs with a crystalline MgO(0 0 1) barrier
Since the theoretical predictions of very large TMR effects in Fe/MgO/Fe MTJs [13, 14] We fabricated high-quality fully epitaxial Fe(0 0 1)/MgO (0 0 1)/Fe(0 0 1) MTJs by using MBE growth under ultrahigh vacuum [24, 25] .
Cross-sectional transmission electron microscope (TEM) images of the MTJ are shown in figure 11 , where single-crystal lattices of MgO (0 0 We obtained MR ratios up to 180% at RT (① and ②‚ in figure 13 ), and these were the first RT MR ratios higher than the highest RT MR ratio obtained with an Al-O-based MTJ. The key to obtaining such high MR ratios is thought to be the production of clean Fe/MgO interfaces without oxidized Fe atoms. X-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) studies revealed that none of the Fe atoms adjacent to the MgO(0 0 1) layer are oxidized, indicating that there are no oxygen atoms in the interfacial Fe monolayer [26] . Parkin et al fabricated MTJs with a highly oriented polycrystalline (or textured) MgO(0 0 1) barrier by using sputtering deposition on a SiO 2 substrate with a TaN seed layer that was used to orient the entire MTJ stack in the (0 0 1) plane [27] . They obtained MR ratios up to 220% at RT (③ in figure 13 ). It should be noted that the fully epitaxial MTJs and the textured MTJs are basically the same from a microscopic point of view. We also fabricated fully epitaxial Co(0 0 1)/MgO(0 0 1)/Co(0 0 1) MTJs with metastable bcc Co(0 0 1) electrodes by using MBE growth and obtained RT MR ratios of above 400% ( figure 12(b) ) [28] . The very large TMR effect in MgO-based MTJs is called the giant TMR effect.
Other phenomena observed in epitaxial MTJs with a crystalline MgO(0 0 1) barrier
It is difficult to investigate the detailed mechanisms of TMR by using the amorphous Al-O barrier because of its structural uncertainty, and there has been no significant progress in understanding the physics of the TMR effect since Julliere proposed the phenomenological model [1] . Unlike Al-Obased MTJs, epitaxial MTJs with a single-crystal MgO(0 0 1) barrier are a model system for studying the physics of spindependent tunnelling because of their well-defined crystalline structure with atomically flat interfaces. As explained below, interesting phenomena other than the giant TMR effect have been observed in epitaxial MgO-based MTJs. Clarifying their mechanisms will lead to a deeper understanding of the physics of spin-dependent tunnelling.
Oscillatory TMR effect with respect to MgO barrier thickness
The MR ratio of epitaxial Fe(0 0 1)/MgO(0 0 1)/Fe(0 0 1) MTJs has been found to oscillate with respect to MgO barrier thickness t MgO as described below [25, 29] . We made a highquality fully epitaxial Fe(0 0 1)/MgO(0 0 1)/Fe(0 0 1) MTJ film with a wedge-shaped MgO barrier layer by using MBE growth. A cross-section of the film is shown in figure 14(a) . The film with a wedge-shaped MgO layer was made into MTJs with a junction area A of 36 µm 2 (figures 14(b)-(d)) by using high-precision microfabrication processes [29] that suppressed sample-to-sample variation in junction area A and thus resulted in small sample-to-sample variation in the transport properties. Figure 15 shows the t MgO -dependence of a resistance-area (RA) product: tunnelling resistance for a unit junction area. The tunnelling resistance increases exponentially with respect to the barrier thickness (t MgO ), which is a typical characteristic of tunnelling. The t MgO -dependence of the MR ratio is shown in figure 16(a) . Surprisingly, the MR ratio is seen to oscillate as a function of t MgO . As shown in the solid blue line in figure 16 (a), this oscillation was fitted relatively well by a single-period oscillation function (a simple cosine curve) with an oscillation period (λ) of 3.17 Å plus a background curve. The small discrepancy between the observed MR ratios and the fitting curve is discussed later. It should be noted that such an oscillatory barrier thickness dependence of MR has never been observed for MTJs with an amorphous Al-O barrier. It [29] .) might be thought that the oscillation is a result of the layer-bylayer epitaxial growth of MgO(0 0 1), in which the growth of one monolayer is almost completed before the growth of a new monolayer begins. This growth could cause an oscillation in the MR ratio because the interface morphology (atomic step density) changes periodically, layer by layer. This cannot be the origin of the observed oscillation, however, because the oscillation period (3.17 Å) is not the thickness of a monoatomic MgO(0 0 1) layer (2.1 Å).
Butler et al proposed a model of interference between tunnelling states [13] . Interference between the two evanescent states at E F in MgO that correspond to 1 
The tunnelling transmittance for a given k thus oscillates as a function of t MgO with a period proportional to 2π/(k r 1 − k r 2 ). This transmittance oscillation could be the origin of the observed oscillation of the MR-versus-t MgO curve. One fundamental question is whether the oscillation in the MR ratio (≡ (R AP − R P )/ R P ) is due to the oscillation of the tunnelling resistance in the P state (R P ) or of that in the AP state (R AP ). R AP will theoretically oscillate because tunnelling in the AP state dominates at certain points (hot spots) in the two-dimensional Brillouin zone (see figure 9(c) ) where k r 1 = k r 2 ( = 0). Oscillation of R P will theoretically be negligibly small because tunnelling in the P state dominates at the point (k = 0 point) in the two-dimensional Brillouin zone (see figure 9(a) ), where the complex wave vectors have no real part (k r 1 = k r 2 = 0). Although there are also hot spots in the minority-spin channel of the P state (see figure 9(b) ), the contribution of hot-spot tunnelling is negligibly small compared with the contribution of the -point tunnelling [13, 14] .
A small oscillatory component should be superposed on the exponential t MgO -dependence of the RA product in figure 15 . The RA-t MgO relationship for the P and AP states in figure 15 was fitted to an exponential function, C ·exp(α·t MgO ), using the least-squares method. Here C and α are fitting parameters. By removing the exponential t MgO -dependence from the RA-t MgO relationship (i.e by dividing RA by exp(α · t MgO )), we extracted an oscillatory component in the RA-t MgO relationship. Oscillatory components in R P and R AP (i.e. the t MgO -dependences of RA/exp(α · t MgO ) for the P and AP states) are shown in figures 16(b) and (c). As seen in figure 16 (b), R P oscillates as a function of t MgO . This oscillation is fitted well with a single-period oscillation function with the same period as that of the MR-versus-t MgO oscillation. The phase φ of the oscillation in R P ( figure 16(b) ) is shifted by 212
• ± 4
• with respect to that of the MR oscillation ( figure 16(a) ). If the MR oscillation were due solely to the R P oscillation, phase shift φ between the oscillations in the MR ratio and R P would be exactly 180
• because the MR ratio ≡ (R AP − R P )/R P = R AP /R P − 1. The observed phase shift of 212
• indicates that R AP also has an oscillatory component with the same λ and a different φ. The oscillatory component of the R AP -versus-t MgO relation shown in figure 16 (c) is complex and cannot be fitted by a single-period oscillation function. We therefore tried to fit that oscillatory component by superposing two kinds of oscillations with different periods, one of which was fixed to 3.17 Å (the period of the MR and R P oscillations). As shown in figure 16(c) , the oscillatory component of the R APversus-t MgO relation is fitted well with a superposition of two oscillations: a short-period oscillation with λ = 3.17 Å (fixed) and a long-period oscillation with λ = 9.9 Å. Phase φ of the short-period oscillation in R AP is shifted by −61
• ± 6
• with respect to φ of the TMR oscillation. As mentioned above, there is a discrepancy between the observed MR ratios and the fitting curve (solid blue line in figure 16(a) ). The origin of this discrepancy seems to be the long-period oscillation in R AP . As shown by the solid red line in figure 16(a) , the TMR oscillation is fitted almost exactly by using both the shortperiod (3.17 Å) and long-period (9.9 Å) oscillations. Thus, R AP is certainly concluded to have the short-and long-period oscillatory components.
The experimental results, surprising because any oscillation in R P had been expected to be negligibly small, provide important clues to the mechanism of the oscillatory TMR effect. A possible explanation is that the actual contribution of hot-spot tunnelling in the P state is much greater than theoretically expected. The short-and long-period oscillations in R AP might indicate that there are two kinds of hot spots at different k points in the AP state. It should be noted that first-principle calculations of hot-spot tunnelling are a very delicate matter and are sensitive to such various factors as the interface lattice parameters and the calculation methods. Clarifying the mechanism of TMR oscillation will require further theoretical and experimental studies.
Spin-dependent tunnelling spectroscopy
Tunnelling spectroscopy is a bias-voltage dependence of conductivity in tunnel junctions. According to a simple model [30] , the derivative of an I -V curve (the differential conductivity) is expressed as
where |t| 2 is the tunnel probability, D 1 and D 2 are the densities of states of the two electrodes and V is the bias voltage. By changing the bias voltage V , we can observe the features of the unoccupied density of states in electrode 2. The tunnelling spectrum of a MTJ is spin-dependent, that is, it depends on the magnetic alignment of the two electrodes because the majority-spin and minority-spin densities of states are different (see figure 1) . The second-derivative conductance spectrum (d 2 I/dV 2 versus V ) is more suitable for measuring a detailed DOS structure. Tunnelling spectra (dI/dV versus V and d 2 I/dV 2 versus V ) have been experimentally studied for MTJs with an amorphous Al-O barrier [31, 32] . Although extrinsic structures due to magnon scatterings and phonon scatterings were observed in the spin-dependent tunnelling spectra, intrinsic features due to the densities of states of electrodes have never been observed in Al-O-based MTJs, which has been an open question for the last decade. The featureless tunnelling spectra might be due to a diffusive tunnelling process in the Al-O-based MTJs.
We measured spin-dependent tunnelling spectra in epitaxial Fe/MgO/Fe in order to observe DOS features in the spectra [33] . If the tunnelling process in the crystalline MgO(0 0 1) barrier is actually coherent, as illustrated in figure 5(b) , the spin-dependent tunnelling spectra should reflect the band structure of the Fe electrode. A secondderivative conductance spectrum (d 2 I/dV 2 versus V ) for the AP state is shown in figure 17(a) . Two sets of large peaks are evident: one at ±1 V (black arrows) and the other at ±50 mV (white arrows). The peaks at ±50 mV are considered to be magnon scattering peaks like those for the AP state in Al-Obased MTJs [31] . The peaks at ±1 V should be due to the band structure of electrodes because neither phonon scattering nor magnon scattering can take place at such a high-energy level. These peaks are thought to be related to the bottom edge of the minority-spin Fe 1 band, V B , which is about 1.3 eV above E F (see figure 17(b) ), in the following way. When bias voltage V is lower than V B ( figure 18(a) ), no significant tunnelling current flows in the AP state. When V > V B , a large tunnelling current flows in the AP state because majority-spin 1 electrons can tunnel into the minority-spin 1 band in the other electrode. Therefore, a peak should be observed at |V | = V B as shown in figure 18(c) . The large peaks observed at ±1 V are thus thought to originate from the DOS of the minority-spin Fe 1 band even though the peak position is slightly lower than V B . This small discrepancy could be due to the proximity effect of the MgO layer.
An interlayer exchange coupling (IEC) mediated by tunnelling electrons
The epitaxial Fe(0 0 1)/MgO(0 0 1)/Fe(0 0 1) MTJ is also a model system used in studying IEC between two ferromagnetic (FM) layers separated by an insulating NM spacer. IEC in a FM/NM/FM structure with a metallic NM spacer has been studied extensively and is well known to show oscillations as a function of the spacer thickness [34] . IEC for a metallic spacer is induced by conduction electrons at E F . Although similar IEC is also expected in a FM/NM/FM structure with an insulating NM spacer (i.e. a MTJ) [35] , such intrinsic IEC has not been observed in MTJs with an amorphous Al-O barrier. Faure-Vincent et al were the first to observe intrinsic antiferromagnetic IEC, on which an extrinsic ferromagnetic magnetostatic coupling was superposed, in an epitaxial Fe(0 0 1)/MgO(0 0 1)/Fe(0 0 1) MTJ structure [36] . We recently obtained a more refined experimental result exhibiting little extrinsic magnetostatic coupling (figure 19) [37] . Antiferromagnetic coupling is seen at t MgO < 0.8 nm. With increasing t MgO the IEC changes sign at t MgO = 0.8 nm and then gradually approaches zero. Because of the atomically flat barrier/electrode interfaces (see figure 11) , no extrinsic magnetostatic coupling was observed. The IEC for a MgO(0 0 1) spacer is apparently mediated by spin-polarized tunnelling electrons.
CoFeB/MgO/CoFeB MTJs for device applications
MTJ structure for practical applications
As explained in section 3, MTJs with a single-crystal MgO(0 0 1) barrier or a textured MgO(0 0 1) barrier exhibit the giant TMR effect at RT. This is a desirable property for spintronic device applications such as MRAM and the read head of a HDD. These MTJ structures, however, are not applicable to practical devices because of the following problem. MTJs for practical applications need to have the stacking structure shown in figure 20 . That is, they need to have a seed layer, an antiferromagnetic (AF) layer, a synthetic ferrimagnetic structure (pinned layer), a tunnel barrier and a ferromagnetic layer (free layer). Ir-Mn or Pt-Mn is used as the antiferromagnetic layer for exchange-biasing. The top ferromagnetic layer acts as the free layer of a spin-valve. The synthetic ferrimagnetic (SyF) structure, which consists of an antiferromagnetically coupled FM/NM/FM trilayer such as Co-Fe/Ru/Co-Fe, is exchange-biased by the AF layer and acts as the pinned layer of a spin-valve. This type of pinned layer structure is indispensable for device applications because of its robust exchange-bias and small stray magnetic field acting on the top free layer. A reliable AF/SyF pinned layer is based on a fcc structure with (1 1 1)-orientation. A fundamental problem with this structure is that a NaCl-type MgO(0 0 1) barrier (with 4-fold in-plane crystallographic symmetry) cannot be grown on the fcc(1 1 1)-oriented AF/SyF structure (with 3-fold in-plane symmetry) because of the mismatch in structural symmetry. In principle we could solve this problem by developing a new pinned layer structure having a 4-fold inplane symmetry. This solution, however, is not acceptable to the electronics industry because more than a decade has been spent developing the reliable pinned layer structure. It should be noted that the reliability of practical devices is determined by the reliability of the pinned layer.
Giant TMR effect in CoFeB/MgO/CoFeB MTJs
To solve the above-mentioned problem concerning the crystal growth, we developed a new MTJ structure, CoFeB/MgO/CoFeB, by using sputtering deposition [38] . In this study, we used a Canon ANELVA C-7100 ( figure 21(a) ), which is a standard sputtering deposition machine for the mass productions of HDD read heads and MRAM. We deposited CoFeB/MgO/CoFeB MTJs on φ8 inch thermally oxidized Si wafers ( figure 21(b) ). Cross-sectional TEM images of the MTJ are shown in figure 22 . As seen at the higher magnification ( figure 22(a) ), the bottom and top CoFeB electrode layers have an amorphous structure in an as-grown state. Surprisingly, the MgO barrier layer grown on the amorphous CoFeB is (0 0 1)-oriented polycrystalline. Because the bottom CoFeB electrode is amorphous, this CoFeB/MgO/CoFeB MTJ can be grown on any kind of underlayers. As shown in figure 22(b) , for practical applications the CoFeB/MgO/CoFeB MTJ can be grown on the standard AF/SyF pinned layer structure. We were [38] .) able to grow the MgO(0 0 1) barrier with 4-fold symmetry on the practical pinned layer with 3-fold symmetry by inserting the amorphous CoFeB bottom electrode layer between them. After annealing at 360
• C, the CoFeB/MgO/CoFeB MTJ exhibited a MR ratio of 230% at RT (figure 23; ④ in figure 13 ). MR ratios of up to 500% have been obtained at RT in CoFeB/MgO/CoFeB MTJs [39] . The CoFeB/MgO/CoFeB MTJs can be fabricated by sputtering deposition at RT followed by ex situ annealing. Because this fabrication process is highly compatible with high-throughput mass-production processes, current research-and-development efforts devoted to the production of spintronic devices such as MRAM and HDD read heads are based on this MTJ structure. These applications are explained in section 6.
Growing a textured MgO(0 0 1) barrier on an amorphous CoFeB electrode
The textured growth of an ultrathin MgO(0 0 1) layer on an amorphous CoFeB is very unusual because room-temperature deposition of MgO on other amorphous underlayers usually results in an amorphous MgO in the initial growth stage. For example, when MgO is grown on amorphous SiO 2 , the first R347 3-4 nm of the MgO becomes amorphous. When MgO is grown on amorphous CoFeB, on the other hand, a polycrystalline MgO(0 0 1) layer is obtained at MgO thicknesses (t MgO ) below 2 nm (see figure 22(a) ). To investigate the growth mechanism in detail, we made in situ reflective high-energy electron diffraction (RHEED) observations [40] . The observed growth process is shown schematically in figure 24 . In the initial growth stage (t MgO < 1.0 nm), the MgO layer is amorphous. When t MgO exceeds 1.0 nm, MgO begins to crystallize in (0 0 1)-oriented texture. After the growth of the top CoFeB electrode layer, the MTJ structure in an as-grown state should be amorphous CoFeB/amorphous MgO(1.0 nm)/textured MgO(0 0 1)/amorphous CoFeB ( figure 24(c) ). According to the cross-sectional TEM image in figure 22(a) , however, the MTJ structure is amorphous CoFeB/textured MgO(0 0 1)/amorphous CoFeB ( figure 24(e) ). Crystallization of the 1.0 nm thick amorphous MgO ( figure 24(d) ) took place at an unintentionally elevated temperature either during the deposition process or during the preparation of the TEM sample.
Crystallization of amorphous CoFeB electrodes during annealing
As shown in figures 5(b) and 7, 4-fold crystallographic symmetry in both the MgO barrier and the electrodes is essential for the coherent tunnelling of 1 states. Amorphous CoFeB electrodes are therefore not expected to result in a giant TMR effect. We observed, however, that the amorphous CoFeB electrode layers adjacent to the MgO(0 0 1) barrier A cap layer deposited on the top CoFeB electrode in CoFeB/MgO/CoFeB MTJs was found to have a strong influence on the TMR effect in some cases. In standard CoFeB/MgO/CoFeB MTJs, a Ta or Ru cap layer is usually used ( figure 25(a) ). The bottom CoFeB electrode is deposited on a Ru layer (the spacer layer of the SyF structure). In this standard structure, MR ratios of over 200% are obtained at RT. Tsunekawa et al deposited various cap-layer materials on CoFeB/MgO/CoFeB MTJs and found that the MR ratio significantly depends on the cap-layer material (figure 26) [42] , probably because the cap layer can influence the crystallization of the top CoFeB electrode. A Ni 0.8 Fe 0.2 (permalloy) cap layer, for example, grown on amorphous CoFeB has a textured fcc(1 1 1) structure ( figure 25(b) ). When this structure is annealed, CoFeB crystallization from the interface with the Ni 0.8 Fe 0.2 layer takes place at about 200
• C before the crystallization from the MgO interface takes place at about 250
• C. Consequently, the CoFeB layer crystallizes in a textured fcc(1 1 1) structure ( figure 25(b) ). Because the CoFeB electrode does not have a bcc(0 0 1) structure in this case, coherent tunnelling of 1 electrons does not occur. This results in a significant decrease in the MR ratio. Thus, a correct choice of cap-layer material is necessary for obtaining giant MR ratios in CoFeB/MgO/CoFeB MTJs.
Influence of grain boundaries in a textured MgO(0 0 1) barrier on tunnelling properties
Because the textured MgO(0 0 1) barrier in CoFeB/MgO/CoFeB MTJs is polycrystalline, there are crystal grains and grain boundaries in the MgO barrier layer. One might think that these grain boundaries would cause a leakage current reducing both the tunnelling resistance and the MR ratio. It has been reported, however, that the RA products and MR ratios of CoFeB/MgO/CoFeB MTJs with a textured MgO(0 0 1) barrier are similar to those of epitaxial MTJs with a single-crystal MgO(0 0 1) barrier [24, 28, 38, 39] . This has been a very puzzling issue, and it has been speculated that grain boundaries in a textured MgO(0 0 1) barrier do not have a strong influence on the tunnelling properties. To clarify the effect of grain boundaries, we used scanning tunnelling microscopy (STM) to make local tunnelling conductance measurements in a textured MgO(0 0 1) barrier grown on an amorphous CoFeB layer [43] .
A typical STM image of a textured MgO(0 0 1) barrier on an amorphous CoFeB is shown in figure 27(a) . Grain boundaries and MgO crystal grains 2-5 nm in diameter are clearly evident, and this grain size is consistent with the coherence length of RHEED images [40] . A line-scan profile (figure 27(b)) revealed that grain boundaries are dips with an average depth of 0.2 nm, which corresponds to one monolayer (ML) of MgO(0 0 1). We used scanning tunnelling spectroscopy [43] to investigate the local tunnelling, and figure 27(c) shows typical local tunnelling spectra measured at the centre of a grain (red lines) and at grain boundaries (blue lines). The local I -V curves showed strong nonlinearity and nearly the same shape. This means that not only the interior of the grains but also grain boundaries act as a nearly perfect tunnelling barrier. The tunnelling current flows uniformly despite the existence of grain boundaries. This is consistent with the RA products and MR ratios of CoFeB/MgO/CoFeB MTJs being similar to those of epitaxial MgO-based MTJs. Although why the tunnelling current flows uniformly in a textured MgO(0 0 1) barrier is unclear, that it does is very favourable for device applications.
Device applications of MgO-based MTJs
From the viewpoint of device applications, the history of spintronics is a history of magnetoresistance at RT (figure 28). GMR spin-valve devices have MR ratios of 5-15% at RT and have been used in the read heads of HDDs. Al-O-based MTJs have MR ratios of 20-70% at RT and have been used not only in HDD read heads but also in MRAM cells. Giant TMR MgO-based MTJs have MR ratios of 200-500% at RT and are expected to be used in various spintronic devices such as HDD read heads, spin-transfer MRAM cells and novel microwave devices.
Read heads of HDDs
As explained in section 5, the CoFeB/MgO/CoFeB MTJs showing the giant TMR effect are compatible with the massmanufacturing process for spintronics devices because they can be fabricated on the practical pinned layer structure by sputtering deposition at RT followed by post-annealing. Besides requiring giant MR ratios and manufacturing Because impedance matching in an electronic circuit is indispensable for a high-speed operation of an electronic device, the RA product of MTJs should be adjusted to satisfy the impedance-matching condition. MRAM applications require a RA in the range from 50 µm 2 to 10 k µm 2 , depending on the lateral MTJ size (i.e. areal density of MRAM). In this RA range, MR ratios of over 200% at RT can be easily obtained using MgO-based MTJs. On the other hand, the read head of a high-density HDD requires a very low RA product. MTJs with an amorphous Al-O or Ti-O barrier are currently used in TMR read heads for HDDs with areal recording densities of 100-130 Gbit/inch 2 [44] . These MTJs have low RA products (2-3 µm 2 ) and MR ratios of 20-30% at RT. Although these properties are enough for recording densities of 100-130 Gbit/inch 2 , even lower RA products and much higher MR ratios are needed for recording densities above 200 Gbit/inch 2 . For example, a RA product below 1 µm 2 and a MR ratio of above 50% are required for areal recording densities above 500 Gbit/inch 2 (figure 29). Such a low RA product and a high MR ratio have never been obtained in a conventional MTJ with an amorphous Al-O or Ti-O barrier (figure 29). A current perpendicular to plane (CPP) GMR device, which is one of the candidates for the next-generation HDD read head, has an ultralow RA product (below 1 µm 2 ), but the MR ratio of a CPP GMR device is too low (<10% for a practical spin-valve structure) for a device used as a HDD read head ( figure 29) .
To reduce the RA product, we made CoFeB/MgO/CoFeB MTJs with an ultrathin textured MgO(0 0 1) barrier (t MgO = 1.0 nm, which corresponds to only 4-5 ML) [45, 46] . Because 1.0 nm is the critical thickness for the crystallization of MgO grown on an amorphous CoFeB (see section 5.2), careful optimizations of the growth conditions are necessary for growing a 1.0 nm thick textured MgO(0 0 1) barrier. For example, the textured growth of MgO layers was found to be sensitive to the base pressure of the sputtering chamber. Residual H 2 O molecules in the chamber were found to degrade the crystalline orientation of MgO(0 0 1), reducing the MR ratio. By carefully removing residual H 2 O molecules by using a Ta getter technique, we were able to grow a highly textured 1.0 nm thick MgO(0 0 1) barrier (figure 30) [46] . The removal of residual H 2 O molecules was also found to be effective for preventing oxidation of the CoFeB/MgO interface [47] . The MR ratios for these CoFeB/MgO/CoFeB MTJs are shown by the open circles in figure 29 . We obtained both ultralow RA products (0.4-1 µm 2 ) and high MR ratios (>50%), satisfying the requirements for areal recording densities well above 500 Gbit/inch 2 . By using ultralow-resistance MgO-based MTJs, Fujitsu Corp. developed a TMR read head for ultrahigh-density HDDs. A cross-sectional TEM image of it is shown in figure 31. MgO TMR heads have already been applied to HDDs with recording densities above 250 Gbit/inch 2 and are expected to later be applicable to recording densities up to about 1 Tbit/inch 2 . The MgO TMR head is thus going to be the mainstream technology for HDD read heads for at least the next five years.
Spin-transfer MRAM
The giant TMR effect in MgO-based MTJs is also useful in developing MRAM. In conventional MRAM, the writing process (i.e. magnetization reversal of a free layer) uses a magnetic field generated by pulse currents, and the readout process uses a resistance change between parallel and antiparallel magnetic states (i.e. the TMR effect). The giant TMR effect enables high-speed read-out because a giant MR ratio yields a very high output signal [48] . In the conventional MRAM, however, the writing pulse currents increase when the lateral size of MTJs is reduced, which makes it difficult to develop Gbit-scale high-density MRAM. In a new type of MRAM called spin-transfer MRAM or spin RAM, on the other hand, the writing process uses the magnetization switching induced by spin-transfer torque. This phenomenon, called spin-transfer switching (STS) [49] , is especially important in developing high-density MRAM because the writing pulse current flowing through the MTJ can be reduced by reducing the lateral size of the MTJ. STS was experimentally demonstrated first in CPP GMR devices [56] .) [50] and later in Al-O-based MTJs [51] . STS in MgO-based MTJs, which is especially important for MRAM, has been demonstrated using CoFeB/MgO/CoFeB MTJs [52] [53] [54] [55] [56] . An example of STS is shown in figure 32 . Switching between parallel and antiparallel magnetic states is induced not only by applying a magnetic field ( figure 32(a) ) but also by sending a pulse current through an MTJ ( figure 32(b) ). Prototype spin-transfer MRAM cells based on the giant TMR effect and STS in MgO-based MTJs have been developed [56, 57] . The 4 kbit spin-transfer MRAM developed by Sony Corp., for example, (shown in figure 33 ) provides reliable read-out and write operations [56] . At the present stage, the intrinsic critical current density J c0 , or switching pulse-current density when the pulse duration is 1 ns is about 2 × 10 6 A/cm 2 [55, 56] and is not small enough for high-density MRAM. If J c0 is reduced to about 5 × 10 5 A/cm 2 , it will be possible to develop Gbit-scale spin-transfer MRAM.
Novel microwave applications
MgO-based MTJs are also potentially useful for microwave device applications. We demonstrated that a dc voltage is generated between the two electrodes when an ac current with a microwave frequency flows through a CoFeB/MgO/CoFeB MTJ with a lateral size of 100 × 200 nm [58] . This phenomenon, called the spin-torque diode effect, results from a combination of the giant TMR effect and a resonant precession of free-layer magnetic moment induced by spintransfer torque. In other words, the spin-torque diode effect is spin-torque-induced ferromagnetic resonance (FMR) detected electrically by using magnetoresistance. MgO-based MTJs can thus act as microwave detectors.
An inverse of the spin-torque diode effect is the microwave emission that occurs when a dc current flows through a 100 nm scale magnetoresistive device. A spin-transfer torque acting on the free-layer magnetic moment can induce a steady precession of the free-layer moment at a FMR frequency. The steady precession of the free-layer moment in the magnetoresistive device induces an ac current or ac voltage at a FMR frequency (i.e. a microwave frequency). This microwave emission was first demonstrated using a CPP GMR device with a MR ratio of about 1% at RT [59] . The microwave power from a CPP GMR device, however, is only of nanowatt order and is too small for practical use. But because the microwave power is theoretically proportional to the square of the MR ratio, MgO-based MTJs with giant MR ratios are potentially able to emit high-power microwaves. We recently obtained microwave emission of microwatt order from a 100 nm CoFeB/MgO/CoFeB MTJ with a MR ratio of about 100% [60] . Spin-torque-induced microwave emission based on MgO-based MTJs is expected to be the third major application of spintronics technology (see figure 28 ).
Conclusion
In 2001, first-principle theories predicted that epitaxial Fe/MgO/Fe MTJs with a crystalline MgO(0 0 1) barrier would have MR ratios of over 1000% [13, 14] . The mechanism of the TMR effect in MgO-based MTJs is different from that in conventional MTJs with an amorphous Al-O barrier. In conventional MTJs, various Bloch states with different symmetries can tunnel incoherently through an amorphous Al-O barrier, which results in a reduction of tunnelling spin polarization and thus in MR ratios below about 70% at RT. In MgO-based MTJs, on the other hand, only Bloch states with 1 symmetry dominantly tunnel through a crystalline MgO(0 0 1) barrier because the barrier acts as a symmetry filter. Because the 1 Bloch states in bcc ferromagnetic metals and alloys based on Fe and Co (e.g. Fe, Fe-Co, CoFeB and some Heusler alloys) are at E F fully spin-polarized in the [0 0 1] direction, the giant TMR effect is expected when a crystalline MgO(0 0 1) barrier is combined with these ferromagnetic electrode materials.
In 2004, MR ratios of up to about 200% at RT were obtained experimentally by using fully epitaxial MTJs with a single-crystal MgO(0 0 1) barrier [24, 25] and MTJs with a highly oriented polycrystalline (textured) MgO(0 0 1) barrier [27] . MR ratios of over 400% at RT have been observed in epitaxial MgO-based MTJs [28] .
Epitaxial MTJs with a single-crystal MgO(0 0 1) barrier are a model system for studying the physics of spin-dependent tunnelling because of their well-defined structure. In addition to the giant TMR effect, epitaxial MgO-based MTJs exhibit other interesting phenomena not exhibited by Al-O-based MTJs. For example, the MR ratio of an epitaxial Fe/MgO/Fe MTJ oscillates as a function of the MgO barrier thickness t MgO [25, 29] . While the tunnelling resistance for the parallel magnetic state shows a single-period (short-period) oscillation as a function of t MgO , the tunnelling resistance for the antiparallel magnetic state shows short-and long-period oscillations as a function of t MgO [29] . As a result, the t MgOdependence of the MR ratio is expressed as a superposition of the short-and long-period oscillations. Although the detailed mechanism of the oscillatory TMR effect is not clear, the oscillation is thought to be related to the coherency of tunnelling electrons. The epitaxial Fe/MgO/Fe MTJs also exhibit complex spin-dependent tunnelling spectra due to the band structure of Fe [33] and IEC mediated by tunnelling electrons [36, 37] . Clarifying the mechanisms of these phenomena will lead to a deeper understanding of the physics of spin-dependent tunnelling.
Epitaxial and textured MgO-based MTJs are not suitable for use in MRAM or HDD read heads because they cannot be grown on the practical synthetic ferrimagnetic (SyF) pinned layer, which has 3-fold in-plane crystallographic symmetry. We therefore developed a novel MTJ structure: CoFeB/MgO/CoFeB [38] . We found that a highly textured MgO(0 0 1) barrier layer can be grown on an amorphous CoFeB bottom electrode layer by sputtering deposition at RT. A CoFeB/MgO/CoFeB MTJ can be grown on any kind of underlayer, including the practical SyF pinned layer. Annealing CoFeB/MgO/CoFeB MTJs above 250
• C causes the amorphous CoFeB electrode layers to crystallize in the bcc(0 0 1) structure and results in MR ratios of above 200% at RT [40] . Because of the good lattice matching between MgO(0 0 1) and bcc CoFeB(0 0 1), the MgO(0 0 1) layer acts as a template for crystallizing CoFeB in the bcc(0 0 1) structure. Because the annealed MTJ structure is textured bcc CoFeB(0 0 1)/MgO(0 0 1)/bcc CoFeB(0 0 1), the observed giant TMR effect can be explained within the framework of the theories for epitaxial MgO-based MTJs. Although the MgO barrier in CoFeB/MgO/CoFeB MTJs is a polycrystalline barrier with grain boundaries, in situ STM study revealed that a tunnelling current flows uniformly through the textured MgO(0 0 1) barrier without leakage at the grain boundaries [43] . This is consistent with the fact that the RA products and MR ratios of CoFeB/MgO/CoFeB MTJs are similar to those of epitaxial MgO-based MTJs. This is very favourable for device applications because a textured MgO(0 0 1) barrier is as uniform and reliable as a single-crystal MgO(0 0 1) barrier.
The giant TMR effect in MgO-based MTJs, especially in CoFeB/MgO/CoFeB MTJs, is of great importance for next-generation spintronic devices.
Ultralow-resistance CoFeB/MgO/CoFeB MTJs with an ultrathin MgO(0 0 1) barrier were developed for use in HDD read heads [45, 46] . A MgO TMR read head for HDDs with recording densities above 250 Gbit/inch 2 has already been developed and commercialized, and future MgO TMR heads are expected to provide recording densities up to 1 Tbit/inch 2 . A prototype spin-transfer MRAM based on CoFeB/MgO/CoFeB MTJs has been developed and shown to provide reliable read-out and write operations [56, 57] . The giant TMR effect in MgO-based MTJs is also useful in developing novel microwave detectors and oscillators. In these applications, output performance is roughly proportional to the MR ratio at RT. The giant TMR effect in the MTJs is therefore expected not only to extend the applications of existing devices but also to help realize novel spintronic applications.
